ABSTRACT Endocytosis is a fundamental process for internalizing material from the plasma membrane, including many transmembrane proteins that are selectively internalized depending on environmental conditions. In most cells, the main route of entry is clathrin-mediated endocytosis (CME), a process that involves the coordinated activity of over 60 proteins; however, there are likely as-yet unidentified proteins involved in cargo selection and/or regulation of endocytosis. We performed a mutagenic screen to identify novel endocytic genes in Saccharomyces cerevisiae expressing the methionine permease Mup1 tagged with pHluorin (pHl), a pH-sensitive GFP variant whose fluorescence is quenched upon delivery to the acidic vacuole lumen. We used fluorescence-activated cell sorting to isolate mutagenized cells with elevated fluorescence, resulting from failure to traffic Mup1-pHl cargo to the vacuole, and further assessed subcellular localization of Mup1-pHl to characterize the endocytic defects in 256 mutants. A subset of mutant strains was classified as having general endocytic defects based on mislocalization of additional cargo proteins. Within this group, we identified mutations in four genes encoding proteins with known roles in endocytosis: the endocytic coat components SLA2, SLA1, and EDE1, and the ARP3 gene, whose product is involved in nucleating actin filaments to form branched networks. All four mutants demonstrated aberrant dynamics of the endocytic machinery at sites of CME; moreover, the arp3 R346H mutation showed reduced actin nucleation activity in vitro. Finally, whole genome sequencing of two general endocytic mutants identified mutations in conserved genes not previously implicated in endocytosis, KRE33 and IQG1, demonstrating that our screening approach can be used to identify new components involved in endocytosis.
In yeast, CME can be broken down into three major stages of protein recruitment to endocytic patches: the early coat phase, the late coat phase, and the actin polymerization/scission phase (Kaksonen et al. 2006) . Interactions between cargo and the early coat proteins, including clathrin, endocytic adaptors and accessory proteins, likely establish the endocytic site and subsequently permit recruitment of late coat proteins as the site matures (Stimpson et al. 2009; Carroll et al. 2012; Suzuki et al. 2012; Lu and Drubin 2017) . Many late coat proteins serve as a link between the early coat and actin polymerization (Newpher et al. 2005; Sun et al. 2006; Bradford et al. 2015) . Proper formation of branched actin filament networks at sites of endocytosis requires the actinnucleating Arp2/3 complex and other actin-binding proteins, including type I myosins. Together, these factors drive membrane internalization and scission of the vesicle (Sun et al. 2006; Barker et al. 2007) . Overall, the genetic tools available in budding yeast provide many experimental advantages for studying endocytosis and continue to provide opportunities to further our understanding of the function and regulation of CME.
In response to changes in the external environment, a cell must selectively internalize specific proteins from the PM. Although ubiquitination plays a major role in directing internalization of specific cargos, the exact mechanisms controlling cargo selection during CME are not fully understood, and may involve additional proteins with no currently known roles in endocytosis (Hicke and Riezman 1996; Roth and Davis 1996) . To address this, we designed a mutagenic screen to identify new endocytic, regulatory factors in budding yeast. Forward genetic screens have previously proven effective tools for characterization of complex cellular processes such as endocytosis. Earlier screening approaches to identify endocytic components have used either membrane reporters such as the lipophilic styryl dye FM4-64 combined with the enrichment for temperature-sensitive mutants, or have utilized previously identified endocytic proteins as partners for genetic or physical interactions with unknown factors (Raths 1993; Holtzman et al. 1993; Wendland et al. 1996; Boettner et al. 2009; Burston et al. 2009; Michelot et al. 2010; Farrell et al. 2015) . In this study, we selected mutants based solely upon the phenotype of reduced ability to internalize an endogenous cargo and did not rely upon a secondary growth phenotype such as temperature sensitivity. We performed random mutagenesis of WT cells using ethyl methanesulfonate (EMS), which induces point mutations that transition G:C base pairs to A:T base pairs (Lee et al. 1990 ). This strategy allows unbiased identification of missense mutations and truncations in proteins, both of which can illuminate functional domains and important amino acid(s) necessary for the endocytic function of a given protein.
We examined the internalization of the endogenous endocytic cargo Mup1, a high-affinity methionine permease that undergoes nutrientregulated endocytosis (Isnard et al. 1996) . In methionine-limiting conditions, Mup1 is trafficked to and retained at the PM. Upon addition of excess methionine, Mup1 is rapidly trafficked to the vacuole for degradation (Lin et al. 2008; Prosser et al. 2010) . Mup1 internalization can be monitored using a GFP tag; however, GFP is resistant to vacuolar proteolysis and accumulation of stable GFP in the vacuole confounds quantification of endocytic events (Bokman and Ward 1981; Prosser et al. 2010; . In contrast, superecliptic pHluorin (pHl) is a pH-sensitive variant of GFP that exhibits bright fluorescence at neutral pH, but this fluorescence is quenched when the protein is exposed to acidic environments such as the yeast vacuole lumen (Miesenböck et al. 1998; Sankaranarayanan et al. 2000; Prosser et al. 2010) . By using a Mup1-pHl fusion construct, Mup1 internalization can be assessed by measuring fluorescence of whole cells before and after treatment with methionine using both fluorescence microscopy and flow cytometry. Because the C-terminal pHluorin tag is fused to the cytoplasmic tail of Mup1, cells are brightly fluorescent when Mup1 localizes to the PM or early endosomes, but are dim when Mup1 is incorporated into multivesicular bodies and subsequently transported to the vacuole (Prosser et al. 2010; . Thus, analysis of Mup1-pHl in mutagenized cells can allow detection of strains with mutations in endocytic genes, since a block or delay in transport of Mup1-pHl to the vacuole results in cells that remain fluorescent, in contrast to WT cells that rapidly lose fluorescence as Mup1 is internalized and targeted to the vacuole.
In performing an unbiased, forward genetic screen using cargo mislocalization as the sole phenotype, we anticipated that we would isolate novel mutations in genes with known roles in CME, as well as mutations in genes with no previously identified endocytic function. Accordingly, our screen identified truncations in the endocytic coat genes, SLA2, SLA1, and EDE1, as well as a novel missense mutation in the Arp2/3 complex subunit gene, ARP3. Additionally, we identified missense mutations in KRE33 and IQG1, whose protein products are canonically involved in ribosome assembly (Kre33) and cell polarization and cytokinesis (Iqg1) (Machesky 1998; Li et al. 2009 ). Neither KRE33 nor IQG1 has been previously implicated in endocytosis, indicating that our screening approach can identify novel proteins with roles in CME.
MATERIALS AND METHODS

Strains and Plasmids
A complete list of strains and plasmids used in this study can be found in Table S1 and Table S2 , respectively. Strain construction via genomic integration using PCR-based methods was performed as previously described (Longtine et al. 1998) . All cells were grown in either YPD or YNB medium lacking the appropriate amino acids and nutrients when necessary to maintain plasmids.
Fluorescence Microscopy and Flow Cytometry
Strains expressing genomically-encoded Mup1-pHl were grown in YNB -Met overnight to accumulate Mup1-pHl at the PM. Cultures were diluted between 0.1-0.25 OD in YNB -Met and grown to midlogarithmic phase adding methionine to a final concentration of 20 mg/ml. Images were captured before and 45 min after methionine addition. Fur4-GFP expression was induced via the CUP1 promoter by addition of 0.1 mM cupric sulfate throughout the experiment, and cells were grown in YNB -ura overnight (Jones et al. 2012; Keener and Babst 2013) . Cultures were then diluted to 0.25 OD in YNB -ura containing 0.1 mM cupric sulfate and grown to mid-logarithmic phase before addition of uracil to a final concentration of 20 mg/ml. Images were captured 1 h after uracil addition. All other strains were grown in YNB medium for microscopy.
Images were captured using an Axiovert 200 inverted microscope (Zeiss) equipped with a Sensicam (Cooke), an X-Cite 120 PC fluorescence illumination system, a 100x, 1.4NA Plan-Apochromat oil immersion objective or with a microscope (Marianas; 3i) equipped with EM cameras (Cascade II 512; Photometrics), a 488-nm diode laser, an a-Plan-Fluor 100· 1.45 NA objective lens (Carl Zeiss), and Slidebook 5 software. All images were captured at room temperature with cells in YNB medium, and images within an experiment were captured using identical exposure conditions. Image J 1.48v was used for post-acquisition image analysis, and maximum and minimum intensity values were applied to images equally to maintain relative fluorescence intensity between strains within an experiment. One-way ANOVA with Tukey's test was used for statistical significance testing, and was performed using Prism software (GraphPad). An F test was used to verify that the variance of distributions were significantly different between strains and was performed using Prism software (GraphPad). Flow cytometry data were acquired on a FACS Canto (BD Biosciences), and cells were analyzed in YNB medium with appropriate amino acids as described previously .
EMS Mutagenesis
Mid-logarithmic phase WT Mup1-pHl cells were separated into two populations, and grown in YNB -Met. Control cells were washed, and resuspended in YNB-Met for 45 min, then methionine was added to a final concentration of 20 mg/ml for 45 min. Cells were then sorted using a FACS Vantage (BD Biosciences), and sorting gates were set such that fewer than 0.5% of cells were sorted.
In order to introduce mutations, cells were treated with 3% (v/v) ethyl methanesulfonate (EMS) for 1 h in 0.1 M sodium phosphate buffer, pH 7.0 at 30°. EMS was inactivated by the addition of 5% sodium thiosulfate. After mutagenesis, cells were washed twice with YNB -Met medium and were then recovered in YNB -Met for 45 min at 30°. Methionine was added to a final concentration of 20 mg/ml for 45 min, and cells were sorted with the same gating as the control cells. Sorted cells were subsequently plated onto YPD medium and grown at 30°.
Whole-genome sequencing and analysis
For each strain sequenced, genomic DNA was isolated using a DNeasy Plant Kit (Qiagen) according to the manufacturer's instructions. Purified DNA samples were prepared for Illumina sequencing according to the manufacturer's instructions at the Genetic Resources Core Facility (Johns Hopkins Institute of Genetic Medicine). Sequences were aligned to the S288C reference genome (UCSC, SacCer_Apr2011/sacCer3). VCF tools (Danecek et al. 2011) were used to remove variants specific to the parental strain, and Variant Effect Predictor (McLaren et al. 2016 ) was used to determine the mutated genes and consequence (missense, nonsense, or insertion/deletion) of each mutation.
Protein purification
Rabbit skeletal muscle actin (RMA) (Spudich and Watt 1971) , pyrenyliodoacetamide-labeled (pyrene) actin (Pollard and Cooper 1984) , Oregon Green (OG)-labeled actin (Kuhn and Pollard 2005) , the VCA fragment of Las17 (Winter et al. 1999) , wildtype S. cerevisiae Arp2/3 complex, and arp3 R346H S. cerevisiae Arp2/3 complex (Smith et al. 2013) were purified as described.
Pyrene-actin assembly assays
To prepare monomeric actin, pyrene-labeled RMA and gel-filtered, unlabeled RMA were centrifuged in parallel for 1 h at 90,000 rpm in a TLA100 rotor (Beckman Coulter). The upper 75% of each supernatant was carefully removed, actin concentrations were redetermined, and labeled and unlabeled RMA were mixed at a 1:19 ratio. Assembly reactions were performed in a 60 ml final volume and contained final concentrations of 2 mM G-actin (5% pyrene labeled). The actin mixture was converted to Mg-ATP-actin 1 min before use, and then 42 ml of actin was mixed with 15 ml of proteins or control buffer, plus 3 ml of 20 initiation mix (40 mM MgCl2, 10 mM ATP, 1 M KCl) to initiate polymerization. Pyrene fluorescence was monitored at 365 nm excitation and 407 nm emission at 25°in a fluorescence spectrophotometer (Photon Technology International, Lawrenceville, NJ).
Total internal reflection fluorescence (TIRF) microscopy Glass coverslips (24 · 60 mm #1.5; Fisher Scientific) were sonicated for 1 h in 2% Micro-90 detergent, followed by 1 h sonication in 100% ethanol, then 30 min sonication in 0.1 M KOH and distilled, deionized water, respectively. Cleaned coverslips were stored in 100% ethanol before use. Prior to imaging, each coverslip was rinsed with ddH20, dried with N 2 , and coated by applying 120 ml of 2 mg/ml methoxypoly(ethylene glycol) (mPEG)-silane MW 2,000 (Laysan Bio) and 4 mg/ml biotin-PEG-silane MW 3,400 (Laysan Bio) resuspended in 80% ethanol, pH 2.0. Coated coverslips were incubated for 16 h at 70°. Flow cells were assembled by rinsing PEG-coated coverslips with distilled, deionized water, drying with N 2 , and adhering to m-Slide VI0.1 (0.1 mm · 17 mm · 1 mm) flow chambers (Ibidi) with double-sided tape (2.5 cm · 2 mm · 120 mm) sealed with five-minute epoxy resin (Devcon). Flow cells were incubated for 1 min with 1% BSA, then incubated for 1 min with TIRF buffer (10 mM imidazole pH 7.4, 50 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, 0.2 mM ATP, 10 mM DTT, 15 mM glucose, and 0.25% methyl cellulose [4000 cP]). TIRF reactions were initiated by adding 1 mM actin (20% OG-labeled) to premixed actinbinding proteins. Reactions were introduced into the flow chamber, which was then mounted on the microscope stage for imaging. Timelapse imaging was performed on a Nikon-Ti200 inverted microscope (Nikon Instruments) equipped with a 488 nm argon laser (150 mW; Melles Griot), a 60· Apo oil-immersion TIRF objective (NA 1.49; Nikon Instruments), and an EMCCD camera with a pixel size of 0.267 mm (Andor), and running NIS-Elements (Nikon Instruments). Focus was maintained by the Perfect Focus system (Nikon Instruments). Images were collected at 5 s intervals for 15 min. Minimal contrast enhancement or changes to the black level were applied to the entire stack to improve image quality for analysis and display. Branched nucleation events were quantified every 60 s for 10 min, beginning 3 min after the initiation of each reaction, for at least 12 fields of view from a minimum of two independent reactions.
Data availability
The sequencing data can be accessed at NCBI SRA database using the SRA identifier SRP132904. Supplemental material available at Figshare: https://doi.org/10.25387/g3.5970910.
RESULTS
Proof of principle: Mup1-pHluorin as a tool to identify endocytosis mutants To assess the feasibility of using Mup1-pHl as a tool for isolation of endocytosis mutants, we measured Mup1-pHl fluorescence intensity to establish differences between WT and endocytic defective cells. Yeast express four related endocytic adaptor proteins, Ent1, Ent2, Yap1801, and Yap1802, which together provide a direct link between the endocytic cargos to which they bind, PtdIns(4,5)P 2 at the PM, and the clathrin coat (Wendland 1999; Kalthoff et al. 2002; Wendland 2002) . Deleting both epsins (ent1D ent2D) is lethal; however, expression of the essential epsin N-terminal homology (ENTH) domain of either Ent1 or Ent2 is sufficient for cell viability (Wendland 1999) . Although ent1D ent2D + ENTH cells have no discernable endocytic defect, simultaneous deletion of all four endocytic adaptors (ent1D ent2D yap1801D yap1802D) in cells expressing an ENTH domain produces a strain (henceforth referred to as CME -) that is viable but defective in endocytosis (Aguilar et al. 2006; Maldonado-Baez et al. 2008) . In both WT and CME -cells grown in medium lacking methionine, Mup1-pHl accumulated at the PM ( Figure 1A ). Forty-five minutes after addition of methionine, Mup1-pHl was barely detectable in WT cells due to cargo internalization and subsequent quenching of the pHluorin tag fluorescence in the vacuole (Prosser et al. 2010) . As seen previously, CME -cells were unable to efficiently internalize Mup1-pHl, and the cells remained fluorescent ( Figure 1A ) (Prosser et al. 2011; .
In addition to visualizing Mup1-pHl by fluorescence microscopy, we compared whole-cell fluorescence intensity of WT and CME -cells by flow cytometry, with the aim of establishing a method to enrich cells with endocytic defects. Using this approach, we observed an increase in fluorescence of CME -cells compared to WT cells, consistent with retention of Mup1-pHl at the PM in CME -cells ( Figure S1 ). Specifically, we applied a vertical gate to the analyzed cells to distinguish between "bright" and "dim" fluorescence (to the right and to the left of the gate, respectively); in the experiment shown, only 7% of WT cells were categorized as bright, while 44% of CME -cells were bright under identical gating conditions. As a proof of principle, we mixed a population of 90% WT and 10% CME -cells, all expressing Mup1-pHl, treated them with methionine for 45 min, and enriched for bright cells using fluorescence-activated cell sorting. We then plated the collected cells, and the resultant colonies were categorized as WT or CME -based on expression of distinct genetic markers. We obtained an enrichment of bright, CME -cells, indicating that we could identify and isolate a minority of endocytic mutants from a larger population of WT cells (K. Wrasman and B. Wendland, unpublished data).
A flow cytometry-based screen for cells with defective Mup1 internalization yielded three classes of endocytic mutants Our ability to sort CME -cells from their WT counterparts suggested that a genetic screen would similarly be able to isolate mutants defective in endocytosis. Thus, we mutagenized WT cells expressing Mup1-pHl with EMS to induce random point mutations ( Figure 1B) . A brief recovery time was chosen to allow the treated cells to express mutant alleles, (with some turnover of pre-existing wild type protein) while minimizing cell division that would lead to duplication of mutant Figure 1 Endocytic function assayed during an EMS mutagenesis screen using an endogenous cargo, Mup1. A) Mup1-pHl localization was imaged using live-cell fluorescence microscopy (upper panel) and DIC optics (lower panel). WT and endocytic defective (CME -: ent1D ent2D yap1801D yap1802D +ENTH1) strains were imaged in medium lacking methionine (-Met) and 45 min after addition of 20 mg/ml of methionine (+Met) B) Schematic of mutagenesis screen workflow. C) Representative images of the three classes of mutants (Plasma membrane, Punctate, and Vacuole Membrane, as indicated) defined by Mup1-pHl localization 45 min after methionine addition. Arrowheads indicate punctae in the Punctate Class image. Scale bar, 2 mm.
cells. Methionine was then added, and bright cells were enriched using flow cytometry after a 45 min incubation to allow for Mup1-pHl internalization. A highly selective gate was applied to the control, non-mutagenized population of cells that sorted less than 0.5% of the population. Using an identical gate setting for the mutagenized cells, 6% of the total cell population was collected, indicative of an increased population of cells with defects in Mup1-pHl trafficking following EMS mutagenesis ( Figure S2 ). After sorting, collected cells were plated on YPD rich medium, and viable cells formed 1525 individual colonies. We performed a secondary screen of 1003 colonies using fluorescence microscopy to assess Mup1-pHl localization. From these colonies, we confirmed endocytic or post-endocytic trafficking defects in 256 mutant strains, which were placed into three major classes based on the primary localization of Mup1-pHl after 45 min treatment with methionine: plasma membrane, punctate, and vacuolar membrane ( Figure 1C , Table S3 ). The plasma membrane class (64% of the mutants) includes mutants with PM only and with PM and punctae localization of Mup1-pHl. These mutants may represent defects that either block or slow the endocytic process, since Mup1-pHl accumulation in internalized punctae indicates some residual endocytic function. The punctate class (31% of the mutants) likely represents defects in endosomal maturation and sorting. In the final class of mutants (5%), Mup1-pHl localized to the vacuole membrane, similar to the well-characterized vps class E phenotype of blocked cargo sorting into the luminal vesicles of multivesicular bodies (Raymond et al. 1992) . In many previous genetic screens, temperature sensitivity was used as an additional criterion for mutant selection (Raths 1993; Wendland et al. 1996) . For our mutants, only 19 of the 256 were heat-sensitive at 37°, and 8 were cold-sensitive at 18°. Thus, mutations identified in our screen may be unique and unrepresented in other screens.
Following confirmation of defective Mup1-pHl trafficking, we determined whether the isolated mutants were dominant or recessive using only the Mup1-pHl assay. Each haploid mutant (MATa) was mated with the haploid Mup1-pHl-expressing WT strain of the opposite mating type (MATa) to create a heterozygous strain. To our knowledge, the assay is fundamentally the same for both haploids and diploids. There was no difference seen in uptake of Mup1 in haploid or diploid WT cells at the 45 min time point. In each case, whole-cell Mup1-pHl fluorescence after the addition of methionine was assessed by flow cytometry for both the haploid and the heterozygous diploid strain. When the heterozygous diploid strain showed a decrease in fluorescence that was similar to WT, the mutant was classified as recessive, since the parental WT allele was sufficient to restore Mup1-pHl trafficking ( Figure S3 ). In contrast, when the heterozygous diploid strain showed an elevated level of fluorescence similar to that of the corresponding mutant haploid strain, the mutant was classified as dominant. Based on these criteria, 135 mutants were categorized as dominant, and 118 mutants were categorized as recessive (Table S3) . Two mutants were unable to mate and were not studied further. For the remainder of this study, we focused on the 47 recessive mutants with PM-localized Mup1-pHl.
PM-class endocytic mutants showed differential internalization of four endocytic cargos In order to determine whether the endocytic defects in the 47 recessive mutants were specific to Mup1 or applied more generally to other cargos, we monitored the trafficking of two other known endocytic cargo proteins: Snc1 and Ste3. Snc1 is a v-SNARE involved in secretory vesicle fusion at the PM and is normally trafficked to sites of polarized growth at the plasma membrane. Snc1 is then recycled via CME to permit further rounds of vesicle fusion (Gurunathan et al. 2000; Lewis et al. 2000) . Under normal conditions, PM-localized Snc1 concentrates at the bud; however, when endocytosis is disrupted, GFP-Snc1 localization at the PM becomes depolarized to both the growing bud and mother cell (Valdez-Taubas and Pelham 2003) . Ste3 is a G proteincoupled receptor (GPCR) for the a-factor mating pheromone that is constitutively trafficked to the plasma membrane, internalized, and targeted to the vacuole (Urbanowski and Piper 2001) . In cells with endocytic defects, Ste3-GFP shows a stronger retention at the PM compared to WT cells in which Ste3-GFP localization is predominantly vacuolar (Chen and Davis 2000) . Thus, steady-state localization of both GFP-Snc1 and Ste3-GFP can be used to detect defects in endocytosis for these constitutively-internalized cargos.
Of the 47 recessive, PM-class mutants analyzed, 15 showed a disruption in endocytosis of both GFP-Snc1 and Ste3-GFP, in addition to Mup1-pHl, and were thus characterized as general endocytic mutants ( Figure 2A , Table S3 ). Thirteen mutants exhibited an unexpected endocytic defect in which endocytosis of Mup1, along with either Snc1 or Ste3, but not both, was disrupted ( Figure 2A ). Selective cargo effects like these have not been observed previously to our knowledge, making these unique mutants excellent subjects of future study. The remaining 19 mutants showed only retention of Mup1 at the PM and were characterized as Mup1-selective. Because both Snc1 and Ste3 are constitutively internalized, we tested whether the Mup1-selective subclass could still internalize the uracil permease Fur4, another cargo that undergoes nutrient-regulated endocytosis (Blondel et al. 2004 ). This assay identified an additional subclass of eight permease-selective mutants in which internalization of both Mup1 and Fur4 was defective, leaving eleven mutants that were exclusively deficient in trafficking Mup1 ( Figure 2B , Table S3 ). While the general endocytic mutants will likely identify core proteins that mediate CME, future identification and characterization of mutants in the other subclasses may be of great value in identifying the factors that contribute to cargo selectivity and/or environmental responsiveness.
The a-arrestin LDB19/ART1 restores Mup1-pHluorin endocytosis in seven mutant strains Three factors implicated in Mup1-selective internalization include the a-arrestin Ldb19, the ubiquitin ligase Rsp5, and the protein kinase Npr1 (Lin et al. 2008; MacGurn et al. 2011) . We expressed each gene from a low-copy plasmid and assessed complementation of the mutant phenotype using the Mup1-pHl localization microscopy assay (K. Wrasman, M. Khairy and B. Wendland, unpublished data). When a plasmid containing an endocytic gene complemented a mutant strain, the genomic copy from the mutant strain was amplified and sequenced. LDB19 expressed from a low-copy plasmid complemented the Mup1 endocytic defect in 7 of 19 mutants within either the Mup1-selective (three mutants) or permease-selective (four mutants) classes ( Figure  S4 ). Ldb19 promotes the internalization of specific cargo proteins by recruiting the Rsp5 ubiquitin ligase for both Mup1 and Fur4 (Lin et al. 2008; Nikko and Pelham 2009) . However, when we sequenced the LDB19 locus (including approximately 500 bp upstream and downstream of the coding region) in each of these seven strains, we found no mutations relative to the wild type gene. The lack of mutations in either the coding sequence or the typical regulatory regions suggest that increased LDB19 copy number is likely acting as a suppressor of the Mup1-pHl internalization defect in these mutants.
Many cargo proteins are ubiquitinated to promote their internalization and subsequent degradation in the vacuole (Gagny et al. 2000; Kalthoff et al. 2002; Shih et al. 2002; Blondel et al. 2004; Lin et al. 2008 ).
Mup1 and Fur4 are both ubiquitinated by Rsp5 to induce internalization, whereas Npr1 phosphorylation stabilizes transporters at the PM (Kaouass et al. 1998; De Craene et al. 2001; Lin et al. 2008; MacGurn et al. 2011) . Expressing RSP5 and NPR1 from a plasmid did not complement the endocytic phenotype in any of the 47 mutants tested; this is perhaps not surprising since both Rsp5 and Npr1 have multiple cellular roles in addition to their function in endocytosis.
Identification of causative mutations
Mutations in many proteins are known to disrupt endocytosis. Thus, we chose 13 additional candidate genes involved in CME to test for complementation of our 47 endocytic mutants (Table S4 ). These 13 genes represent components of the endocytic machinery that act in all stages of a CME event and result in endocytic defects when individually mutated or deleted. When expressed from low-copy plasmids, SLA2 and SLA1 complemented the Mup1 endocytic defect, and we identified mutations in these two CME machinery genes: nonsense mutations in SLA2 at amino acid 360 (sla2 W360Ã ) and in SLA1 at amino acid 682 (sla1 Q682Ã ) ( Figure 3A , Figure S5C , Table S3 ). The remaining tested mutants were not complemented by expression of any candidate genes.
We used whole-genome sequencing to identify the causative, EMSinduced point mutations for the endocytic defect of five general endocytic defective mutant strains that were not complemented by plasmids encoding candidate proteins. To reduce the number of irrelevant mutations in the genome, these strains were backcrossed multiple times to the non-mutagenized parent strain. The mutants and the parent strain were sequenced, and all mutations identified in the parent strain were removed to generate a set of candidate causative mutations for the endocytic defects. The final list of candidate mutations was generated to include mutations in coding sequences that caused a missense or nonsense mutation. Although this technique is highly sensitive, it was not optimal for all the mutants sequenced. For example, some mutant strains were unable to sporulate, and therefore, could not be backcrossed to the parent strain; sequencing results from two of these strains identified hundreds of point mutations in each instead of the 40 or fewer mutations that were typically found in backcrossed strains. Of the strains analyzed by whole-genome sequencing, one mutant contained the same sla1 Q682Ã nonsense allele that was discovered via our candidate approach; this mutant had not been tested for complementation with SLA1 prior to sequencing. Another strain contained a mutation in the CME machinery gene EDE1 that truncates the protein product at amino acid 319 (ede1 W319Ã ) ( Figure 3A , Figure S5C ). Finally, we identified missense mutations in ARP3, KRE33, and IQG1 in three other mutant strains (see below).
Functional analysis of truncation mutants in SLA2, SLA1, and EDE1
In order to confirm that the observed truncations in SLA2, SLA1, and EDE1 caused the endocytic defects seen in the EMS-mutagenized strains, we recreated the truncated sla2 W360Ã , sla1 Q682Ã , and ede1 W319Ã alleles at the corresponding loci in the parental strain. Consistent with a role in endocytosis, truncation of these proteins caused a defect in Mup1 internalization as seen by retention of Mup1-pHl at the PM ( Figure 3A) . Next, we examined the localization of each truncated protein by generating GFP-tagged chimeras of the WT and truncated alleles via genomic integration. As reported previously, all three of the WT proteins localized to patches at the Figure 2 Subclassification of the Plasma Membrane class mutants based on differential internalization of endocytic cargos. A) WT, CME -, and mutant strains representing general, selective, and Mup1-selective subclasses of mutants were imaged via fluorescence microscopy to observe differences in localization of fluorescently-tagged endocytic cargoes, Mup1-pHl (top row), GFP-Snc1 (middle row), and Ste3-GFP (bottom row). Mup1-pHl was imaged by live-cell microscopy after a 45 min methionine treatment. GFP-Snc1, and Ste3-GFP were expressed from low-copy plasmids. B) Fur4-GFP expressed in WT and mutant strains representing Mup1-selective and permease-selective subclasses were grown in YNB medium lacking uracil. 20 mg/ml of uracil was added for 1 h prior to to induce internalization of Fur4-GFP for imaging by live-cell microscopy. Scale bar, 2 mm. cell cortex ( Figure 3B ; Kaksonen et al. 2005) . Prior studies have used an engineered sla2 W360Ã allele (Wesp et al. 1997; Yang et al. 1999; Sun et al. 2007 ); consistent with these previous studies in which truncated Sla2 is inefficiently recruited to the PM, Sla2 1-359 -GFP showed higher levels of cytoplasmic fluorescence with fewer Sla2 1-359 -GFP cortrical patches compared to the co-expressed CME site marker, Abp1-RFP ( Figures 3B and Figure S5B ). Similar to sla2 mutants, many alleles of SLA1 have been studied, and several truncated forms of Sla1 have been found to localize to the nucleus and to endocytic patches (Gardiner et al. 2007; Chi et al. 2012; Sun et al. 2015) . Consistent with these findings, Sla1 1-681 -GFP localized to the nucleus and endocytic patches, though fluorescence intensity of this Sla1 truncation was diminished compared to those in WT patches ( Figure 3B ). Finally, Ede1 1-318 -GFP was observed primarily at patches near the bud neck, but it also localized faintly along the plasma membrane in a manner that was difficult to observe compared to the brighter bud neck localization ( Figure 3B ). The inset shows a more typical patch localization of Ede1 in an unbudded cell. Together, these data are consistent with mislocalization of the truncated proteins contributing to a disruption in the endocytic process. Sla2 W360Ã , Sla1 Q682Ã , and Ede1 W319Ã truncations alter protein dynamics at endocytic patches WT yeast cells have a characteristic number of patches, and lifetimes of proteins at endocytic sites are well defined (Kaksonen et al. 2003; . CME has three major stages of protein recruitment to endocytic patches: early coat, late coat, and the actin phase, which correspond approximately to initiation (early) and maturation (late) of the endocytic site, followed by vesicle budding and scission (actin) (Goode et al. 2015) . In order to determine which endocytic phase was disrupted by each truncation strain, we examined the number of endocytic patches and lifetimes of three proteins involved in CME: Syp1, Pan1, and Abp1, which are markers of the early coat, late coat, and actin nucleation phase, respectively. In all mutant strains, the number of Syp1-containing patches was indistinguishable from that observed in WT cells, suggesting that endocytic initiation is not perturbed by these truncations ( Figure 4A and Figure S5A ). Similarly, the sla2 W360Ã and ede1 W319Ã alleles did not affect the number of Pan1-or Abp1-containing patches at the cell surface. In contrast, sla1 Q682Ã had a significantly greater number of Pan1-GFP and Abp1-RFP patches compared to WT cells, Figure 3 SLA2, SLA1, and EDE1 truncations cause defects in endocytosis A) In a WT strain expressing Mup1-pHl, the specified amino acid in SLA2, SLA1, or EDE1 was mutated to a stop codon, generating the truncations. Mup1-pHl localization was assessed by fluorescence microscopy 45 min after addition of methionine. Dashed lines indicate the plasma membrane of WT Mup1-pHl cells. B) Strains expressing full-length and truncated Sla2, Sla1, and Ede1 were generated by the integration of GFP tag at the endogenous locus and imaged by fluorescence microscopy. Scale bar, 2mm.
suggesting that this truncation specifically affects the late coat machinery and endocytic site maturation.
Similar to phenotypes previously seen in ede1Δ cells, ede1 W319Ã cells showed a significant decrease in Syp1-GFP and Pan1-GFP lifetime at endocytic patches as well as a decrease in Abp1-RFP lifetime (Figure 4B, 4C; Reider et al. 2009; Stimpson et al. 2009 ). The ede1 W319Ã strain exhibited a disrupted timing of endocytic initiation, causing defects throughout the endocytic process; whereas both sla2 W360Ã and sla1 Q682Ã strains have normal Syp1-GFP lifetimes suggesting endocytic initiation was normal. sla2 W360Ã cells showed a significant decrease in lifetime of Abp1-RFP at endocytic sites, which was expected because the Sla2 C-terminus contains a domain that binds F-actin and contributes to the progression of endocytic events in the actin phase (Wesp et al. 1997; Yang et al. 1999; Boettner et al. 2009 ). The sla1 Q682Ã allele showed a slight decrease in Pan1-GFP lifetime at the endocytic patch but no change in the lifetime of Abp1-RFP, implying a mild maturation defect in CME ( Figure 4B, 4C, Figure S5B ). Overall, these data demonstrate that the truncation alleles of SLA2, SLA1 and EDE1 isolated in our screen perturb the dynamics of CME machinery proteins, which likely contributes to the observed delay in cargo internalization.
An R346H point mutation in ARP3 causes endocytic defects Using whole genome sequencing, we identified an R346H mutation in the ARP3 gene of one of the general endocytic mutant strains. To confirm that this mutation caused the observed endocytic defect, we independently generated the arp3 R346H allele in the non-mutagenized, parental strain expressing Mup1-pHl and observed an endocytic defect similar to that seen in the original mutant ( Figure 5A ). Arp3 is one of the actin-related protein components of the Arp2/3 complex. Fluorescently-tagged Arp3 is not tolerated in yeast cells, and thus, a GFP chimera could not be generated (Kaksonen et al. 2005) . Instead, we monitored localization of the Arp2/3 complex with Arc15-GFP, a subunit of the complex that is amenable to fluorescent tagging (Kaksonen et al. 2003) . In arp3 R346H cells, Arc15-GFP localized to fewer patches at the plasma membrane compared to WT cells and showed increased cytoplasmic localization (Figures 5, B and C) . Early coat (Ede1-GFP), late coat (Pan1-GFP), and actin phase (Abp1-RFP) proteins each localized normally to endocytic sites in arp3 R346H cells, and the patch number for these proteins was not significantly different from that of WT cells, unlike the reduction in Arc15-GFP patches ( Figure 5C , Figure S6 ). However, Ede1-GFP, Pan1-GFP, and Abp1-RFP patches were stable throughout the period of data collection (4-6 min; Figure  5D ). Similar to cells treated with the actin-depolymerizing drug Latrunculin A (LatA), progression of endocytic events in the arp3 R346H strain was stalled, and the early and late coat proteins remained stable at cortical patches (Ayscough et al. 1997; Kaksonen et al. 2003; . These data can be interpreted as endocytic machinery arriving at endocytic sites normally but being unable to complete vesicle formation.
To determine the mechanism of arp3 R346H disruption of endocytosis, we modeled the mutation on a bovine Arp3 crystal structure obtained by crystallization of the intact Arp2/3 complex (Ti et al. 2011) . The yeast Arg 346 residue aligns with the bovine Arg 312 residue, which is predicted to reside at the barbed end of Arp3 from which a daughter filament is nucleated and polymerization occurs to form a branch ( Figure 5E ). Comparing the sequences of ARP3 and ACT1, it has been previously demonstrated that cells are inviable when the corresponding R290 amino acid in ACT1 is mutated to alanine (along with the nearby K291, E292 residues) (DiPrima et al. 2014) . Likewise, cells expressing arp3 R346A were inviable; however, cells bearing the more conservative arp3 R346K mutation were viable and showed no defects in Mup1-pHl endocytosis (K. Wrasman and B. Wendland, unpublished data).
To characterize the defect arising from the arp3 R346H mutation, we purified WT Arp2/3 complex and mutant Arp2/3 complex carrying Arp3 R346H ( Figure 6A ) and compared their nucleation activities in pyrene-actin assembly assays. This kinetic assay measures the ability of Arp2/3 complex to nucleate actin polymerization, as pyrene-labeled actin shows increased fluorescence upon incorporation into filaments (Pollard and Cooper 1984) . The mutant Arp2/Arp3 R346H complex showed a significant reduction in actin nucleation activity compared to WT Arp2/3 complex ( Figure 6B ). Figure 4 Effect of SLA2, SLA1, and EDE1 truncation on endocytic patch number and lifetime of endocytic machinery proteins. A) Images of Syp1-GFP, Pan1-GFP and Abp1-RFP were acquired by live-cell time-lapse fluorescence microscopy, and the number of patches per micrometer of plasma membrane was counted for an equatorial section (N . 30 cells/strain). B) Lifetimes of Syp1-GFP, Pan1-GFP and Abp1-RFP calculated from movies of 120 frames acquired at intervals of 3 s (Syp1-GFP) or 2 s (Pan1-GFP, Abp1-RFP) (N . 50 patches/ strain). All values from panels A and B are presented as mean 6 SEM, Ã P , 0.05. C) Representative kymographs of Syp1-GFP, Pan1-GFP and Abp1-RFP in WT, sla2 W360Ã , sla1 Q682Ã and ede1 W319Ã strains. Kymographs were made from movies used for the quantification, and are oriented with cell interior at the bottom.
A TIRF microscopy assay was used to directly visualize actin filament nucleation, extension, and branching. Reactions containing Arp2/ Arp3 R346H had fewer total filaments compared to either WT Arp2/3 complex or actin alone ( Figure 6C ). This confirms the reduced polymerization activity seen in the pyrene assay. Only a single branched filament was observed in the TIRF reactions containing Arp2/ Arp3 R346H , in contrast to robust actin branching in reactions containing WT Arp2/3 complex ( Figure 6C-E) . These data suggest that the mutant Arp2/Arp3 R346H complexes nucleate actin at a drastically reduced level compared to WT Arp2/3 complex, explaining why few branches are seen in the TIRF assay.
Identification of two point mutations suggests novel endocytic roles for KRE33 and IQG1 Using whole genome sequencing of mutant strains, we identified point mutations in KRE33 and IQG1, two essential and conserved genes encoding proteins that have never been previously implicated in endocytosis. KRE33 encodes an acetyl transferase involved in the small ribosomal subunit folding complex that acetylates 18S rRNA, as well as tRNAs (Li et al. 2009; Ito et al. 2014) . The mammalian homolog of Kre33, NAT10, acetylates proteins as well as RNAs; however, acetylation of proteins by yeast Kre33 has not yet been demonstrated (Shen et al. 2009; Larrieu et al. 2014; Ito et al. 2014; Sharma et al. 2015) . IQG1 is the yeast homolog of IQGAP, which is a downstream effector of Rho GTPases that directly binds to F-actin and scaffolds actin regulatory proteins (Watanabe et al. 2015) . Yeast Iqg1 localizes to the bud neck and plays important roles in polarized secretion and cytokinesis (Epp and Chant 1997; Lippincott and Li 1998; Osman and Cerione 1998) . The mutations we identified in KRE33 and IQG1 each change a single amino acid that produces an endocytic defect; arginine 70 was mutated to a lysine in Kre33 (kre33 R70K ) and alanine 654 was mutated to a valine in Iqg1 (iqg1 A654V ). We engineered these point mutations individually into the parental strain, which resulted in an endocytic defect in the Mup1-pHl endocytosis assay (Figure 7, A and B) . Both Kre33 and Iqg1 show similar domain structure compared to their human homologs, NAT10 and IQGAP3, respectively ( Figure 7C,D) . In both cases, the amino acid that was altered in the mutant is not only conserved, but also positioned within a relatively highly conserved region of the protein.
Aberrant actin phenotypes are observed in many cells defective in CME. For example, actin-uncoupling phenotypes are seen in sla2D or ent1/2D cells with short actin comet tails, uncontrolled Arp2/3 actin Figure 5 A missense mutation in ARP3 causes endocytic defects A) In WT and arp3 R346H expressing Mup1-pHl, cells were imaged by live cell microscopy 45 min after the addition of 20 mg/ml methionine. A dashed line indicates the plasma membrane of WT Mup1-pHl expressing cells. B) Images of Arc15-GFP in WT and arp3 R346H cells were acquired by live-cell fluorescence microscopy. Scale bar, 2mm C) Time-lapse imaging of WT and arp3 R346H cells expressing Arc15-GFP, Ede1-GFP, Pan1-GFP and Abp1-RFP were acquired, and the number of patches were per micrometer of plasma membrane was counted for an equatorial sections (N . 30 cells/strain). All values are presented as mean 6 SEM, Ã P , 0.05. D) Representative kymographs of Ede1-GFP, Pan1-GFP and Abp1-RFP in WT, and arp3 R346H strains. Kymographs were made from movies used for the quantification, and are oriented with cell interior at the bottom. E) Rendering was performed with Chimera (Pettersen et al. 2004 ) using the PDB file 3RSE of the bovine Arp2/3 structure (Ti et al. 2011) . Arp3 is shown in green, Arp2 in purple, VCA in tan and the rest of the Arp2/3 complex members in blue. The amino acid in bovine Arp3 (R312) that corresponds to Arp3 (R346) in yeast shown in black. Figure 6 Biochemical characterization of Arp2/3 complex vs. Arp2/Arp3 R346H A) Side-by-side comparison of WT vs. Arp3 R346H complex purified in vitro. B) Bulk pyrene-actin assembly assay comparing nucleation activity of Arp complex with WT vs. Arp3 R346H with Las17 VCA. Data averaged from n = 3 independent experiments. C) Representative time-lapse images from TIRF experiments containing 0.5 mM actin (10% OG-labeled) and 10 nM Arp2/3 complex containing wildtype or arp3 R346H as indicated. Experiments containing Arp2/3 complex also contain 100 nM GST-Las17 VCA to stimulate Arp2/3 activation. Scale bar, 20mm. D) Magnified view of the regions boxed in red, indicated in C. E) Quantification of the number of branched filaments nucleated in the same reactions as D. Data combined from 6 fields of view per experiment, with 2-3 independent experiments (12-18 fields of view, total). Note, at 7 min arp3 R346H nucleated a single, persistent branched actin filament. All values are presented as mean 6 SEM. Figure 7 Effect of kre33 R70K and iqg1 A654V mutations on Mup1-pHl internalization A) In kre33D cells expressing Mup1-pHl, either KRE33 or kre33 R70K was expressed from a low-copy plasmid. B) Either IQG1 or iqg1 A654V was expressed from a low copy plasmid in an iqg1D strain expressing Mup1-pHl. Mup1-pHl images were acquired 45 min after addition of 20 mg/ml methionine. Scale bar, 2mm. C) Schematics of Saccharomyces cerevisiae (Yeast) Kre33 and Human homolog Nat10 protein domains showing an alignment surrounding the mutation (black arrow) using Pfam and Sequence Manipulation Suite (Stothard 2000; Finn et al. 2016 ) D) Schematics of Saccharomyces cerevisiae (Yeast) Iqg1 and Human homolog IQGAP3 protein domains showing an alignment surrounding the mutation (black arrow) using Pfam and Sequence Manipulation Suite. Amino acids included within IQ motifs are indicated with black bars; below for Human IQGAP3 and above for Yeast Iqg1. E) Either KRE33 or plumes are observed in sla1D/bbc1D or end3D/bbc1D cells, and an intermediate actin flare phenotype is seen in Pan1-depleted cells (Kaksonen et al. 2003; Skruzny et al. 2012; Bradford et al. 2015) . Similar to other CME defective strains, kre33 R70K and iqg1 A654V cells show aberrant actin filament formation at a subset of endocytic sites using Abp1-RFP localization ( Figure 7E,F) . The average lifetimes of Ede1-GFP, Pan1-GFP, and Abp1-RFP at endocytic sites were not significantly different in the mutant kre33 R70K and iqg1 A654V strains ( Figure 7G) . Interestingly, however, the variance in the distribution of the endocytic patch lifetimes of Pan1-GFP and Abp1-RFP exhibited a statistically significant increase in variability for both mutant strains as compared to their WT counterparts. These data further support Iqg1 and Kre33 playing a role in regulation of the endocytic machinery. DISCUSSION CME is a well-studied process in both yeast and mammalian cells. Previous studies have identified roles for many proteins in CME; however, there are likely additional, as-yet unidentified factors that contribute to endocytic events. Using a combination of EMS mutagenesis and flow cytometry, we isolated 256 mutants with defects representing steps throughout the entire endocytic and endosomal trafficking process. The direct approach of using flow cytometry to assay endocytic function and to quantitatively monitor internalization of a specific endocytic cargo protein (Mup1) facilitated our identification and analysis of a large number of mutants. Utilizing EMS to introduce random point mutations allowed us to generate an unbiased collection of mutant strains that contained truncation and missense alleles, which could provide clues to functional amino acid(s) and regions of proteins that are important for CME that would otherwise go unnoticed when using the yeast knockout collection. Temperature sensitivity has been used as a secondary phenotype linked to mutant defects in previous genetic screens (Raths 1993; Wendland et al. 1996) , but only 29 mutant strains were temperature sensitive. We tested the seven temperature sensitive mutants within the plasma membrane class; one of these contained the kre33 R70K mutant, but the temperature sensitivity was unlinked to the KRE33 locus. The remaining six were not complemented by any of our candidate endocytosis genes, and the causative mutation remains uncharacterized in these cells. Since our screen directly assessed cargo internalization without relying on a secondary phenotype, it is likely that many mutants isolated in this study represent alleles that were not isolated in previous genetic screens.
This study focused on characterizing the recessive, PM-localized class of endocytic mutants. This class was further organized into four subclasses based on the ability to internalize multiple cargos: Mup1, Snc1, Ste3, and Fur4. We expected to find a subclass of mutants with endocytic defects specific to Mup1 internalization, since Mup1-pHl formed the basis for mutant selection in our screen. However, none of the factors previously implicated in Mup1 internalization, specifically (Ldb19, Rsp5, Npr1), were mutated in strains from the Mup1-selective class of endocytic mutants. Expression of additional copies of LDB19 suppressed three Mup1-selective mutant strains and four permeaseselective mutant strains, even though sequencing demonstrated that the endogenous LDB19 gene was not mutated in these strains. Ldb19 is an arrestin-like protein, and there are thirteen a-related arrestins in yeast that recruit the Rsp5 ubiquitin ligase, which promotes the internalization of specific cargo proteins (Lin et al. 2008) . One possible explanation for this is that extra copies of LDB19 are able to bypass the need for an unidentified mutant factor by facilitating the marking of Mup1 for internalization; such factors may include other arrestin-like proteins that play partially redundant roles in internalization of some endocytic cargos. Further investigation is needed to determine how Ldb19 is able to suppress several distinct mutations to promote internalization of Mup1 and to identify the causative allele(s) in these mutant strains.
Importantly, we identified truncations in the known endocytic genes SLA2, SLA1, and EDE1, which validated our screening method. Those truncations can provide further mechanistic insights into how these proteins facilitate the endocytic process. Ede1 is one of the earliest coat proteins to localize at nascent endocytic sites, and the ede1 1-318 truncation results in a shorter lifetime for both Pan1-GFP and Abp1-RFP at cortical actin patches. This phenotype resembles defects in actin patch protein dynamics seen in ede1Δ cells (Kaksonen et al. 2005; Newpher and Lemmon 2006) . A recent study showed that seven of the earliestarriving endocytic proteins are expendable during endocytosis in yeast cells, including Ede1, because lipid uptake is normal (Brach et al. 2014) . However, these early factors are required for nutrient-induced endocytosis of the cargo protein Dip5. In our study, we found that Ede1 1-318 produces defects in nutrient-regulated endocytosis of Mup1 and in constitutive endocytosis of Snc1 and Ste3, which suggests that Ede1 is not dispensable in endocytosis of specific cargos as was previously thought.
Arp3 is an essential gene required for branched actin network formation through the actin nucleating activity of the Arp2/3 complex. Arp2/3-mediated actin assembly is a major driving force in membrane deformation at CME sites in yeast, leading to invagination and scission; these branched actin structures are required to overcome the high turgor pressure at the plasma membrane within yeast cells (Aghamohammadzadeh and Ayscough 2009 ). We found that Arp2/ Arp3 R346H has a severe defect in nucleating branched actin filaments in vitro. Arginine (WT) and histidine (mutant) are both polar, positively-charged amino acids. We propose that the histidine residue in the mutant arp3 protein weakens its interaction with the actin monomer, resulting in the nucleation defect. Arp3 R346H likely supports sufficient nucleation activity for cell viability, as seen by reduced, but not abolished, localization of Arc15 and Abp1 to cortical patches. The endocytic machinery localizes normally but is arrested at unproductive sites, presumably because Arp2/Arp3 R346H complex is a poor nucleator of actin filaments. The reduced nucleation of these actin filaments is likely insufficient for efficient completion of endocytic events. Similar mutants in Arp2 have been isolated, such as arp2-1, which alters one residue at the barbed end of Arp2 and causes defects in actin nucleation in vitro and endocytosis in vivo (Moreau et al. 1997; D'Agostino and Goode 2005; Boettner et al. 2009 ). Thus, both arp2-1 and arp3 R346H mutations reside at the barbed end of the proteins, and each mutant gives rise to defects in endocytosis. However, no shared genetic interactions have been identified to date (for example, las17D or myo3D myo5D) between the arp2-1 and arp3 R346H mutants, and the endocytic protein lifetime kre33 R70K was expressed from a low-copy plasmid in kre33D cells expressing Abp1-RFP. Arrow indicates aberrant actin patches. F) In an iqg1D strain expressing Abp1-RFP, either IQG1 or iqg1 A654V was expressed from a low copy plasmid. Arrows indicate aberrant actin patches. G) Lifetimes of Ede1-GFP, Pan1-GFP and Abp1-RFP calculated from movies of 120 frames acquired at intervals of 3 s (Syp1-GFP) or 2 s (Pan1-GFP, Abp1-RFP) (N . 50 patches/strain). The central lines of the box plot correspond to the median and the whiskers denote the min and max lifetimes. Ã P , 0.05 using an F test. phenotypes are distinct (Moreau et al. 1997; D'Agostino and Goode 2005; Boettner et al. 2009) .
Performing an EMS mutagenesis screen allowed us to identify missense mutations in the essential genes KRE33 and IQG1 that resulted in previously unreported endocytic defects. These genes are among the $1,500 essential genes excluded from the yeast knockout collection and thus, have been overlooked by studies using such collections. Moreover, missense mutations in these large proteins point to functional domains that may contribute to CME. Both genes are conserved from yeast to humans, and the mutations that cause defects in endocytosis reside within highly-conserved regions of the proteins. Kre33 has been characterized as a protein involved in the small ribosomal subunit folding complex, and it was also identified in a genetic screen for mutants resistant to the K1 killer toxin (Pagé et al. 2003; Li et al. 2009 ); interestingly, changes in endocytosis could affect the ability of the toxin to kill. KRE33 was recently proposed to be renamed RRA1 because it encodes an acetyl transferase that acetylates 18S rRNA, as well as tRNAs. Its homolog, NAT10, performs similar functions in mammalian cells (Ito et al. 2014) where it also acetylates histone and microtubule proteins (Shen et al. 2009; Larrieu et al. 2014; Sharma et al. 2015) . In a recent paper, a tubulin mutant that was incapable of binding Bik1, the yeast ortholog of mammalian CLIP-170, was unable to traffic Snc1 efficiently (Boscheron et al. 2016) . Moreover, yeast cells expressing mutant tubulin displayed an actin flare phenotype reminiscent of previously described endocytic mutants (Kaksonen et al. 2003; Skruzny et al. 2012; Bradford et al. 2015; Boscheron et al. 2016) ; similar aberrant actin phenotypes were also observed in kre33 R70K and iqg1 A654V cells. Thus, cross-talk between the microtubules and the actin cytoskeleton may play a previously unrecognized role in yeast membrane trafficking. The increase in variability for the lifetimes of Pan1 and Abp1 in the kre33 R70K and iqg1 A654V mutant strains could reveal a loss of regulation that leads to poor coordination at endocytic sites. A loss of synchronization would likely lead to a more random endocytic process. In yeast cells, it has been shown that CME is more consistent in polarized cells as compared to non-polarized cells; further, the polarized endocytic sites are the most rapidly maturing early coat patches (Layton et al. 2011; Jose et al. 2013) . Another study demonstrated heterogeneity in the dynamics of proteins at endocytic sites, and the authors speculated a checkpoint governed by cargo could be a mechanism to control the rate of endocytosis (Loerke et al. 2009 ). Iqg1 and Kre33 mutants causing the increase in variation of endocytic protein lifetimes at the plasma membrane may be lacking the full regulation needed for the highly precise coordination that is characteristic of CME. kre33 R70K may affect endocytosis due to a general reduction in translation or by reducing the ability to fine-tune translation because the ribosome is unable to assemble correctly. However, neither explanation seems likely because the mutant does not have observable growth defects (K. Wrasman, and B. Wendland, unpublished data). Perhaps Kre33 directly acetylates endocytic proteins to regulate their functions; further studies are needed to determine if Kre33 can acetylate proteins similar to its mammalian homolog, NAT10 (Shen et al. 2009 ). Alternatively, Kre33 may acetylate a putative RNA with an unrecognized role in the endocytic process. Future studies of the mutant protein and characterization of the endocytic defect in kre33 R70K cells will provide better insights into the specific endocytic functions of Kre33.
IQG1 is homologous to the mammalian IQGAP proteins, which are Rho GTPase effectors that regulate actin cytoskeleton functions. These proteins have an N-terminal Calponin homology domain (CHD) that binds and bundles F-actin, calmodulin-binding IQ motifs, and a Ras-GAP domain (RGD) at the C-terminus that binds directly to actin filament barbed ends, formins, APC, and CLIP-170. In mammalian cells, IQGAP1 acts both upstream and downstream of mTORC1 to regulate cellular homeostasis and to connect cell growth and division (Tekletsadik et al. 2012) . Similarly, Iqg1 may contribute to endocytosis in yeast cells by regulating signaling through the environmental sensors Tor1 and Tor2 (deHart et al. 2003) . Alternatively, the A654V missense mutation is located in the IQ repeat region of Iqg1, and the IQ repeats are required for Myo1 localization to the contractile ring during cytokinesis in yeast (Boyne et al. 2000) . Myo1 is also important for secretory vesicle targeting during cytokinesis; therefore, a mutation that causes a defect in Myo1 localization may affect exocytosis and consequently, result in a compensatory endocytic defect (Osman et al. 2002) . Determining how the mutant form of Iqg1 functions in endocytosis will require future study.
This phenotype-based genetic screen yielded new loss-of-function truncations in well-established CME machinery components and additionally revealed novel endocytic roles for essential genes that have not been previously implicated in CME. Further study of these genes, as well as characterizing other mutants in our collection, will surely shed new light on endocytic mechanism and regulation.
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